These authors contributed equally to this work Group 3 innate lymphoid cells (ILC3) are major regulators of inflammation, infection, microbiota composition and metabolism 1 . ILC3 and neuronal cells were shown to interact at discrete mucosal locations to steer mucosal defence 2,3 .
the activators ARNTL and CLOCK and the repressors PER1-3 and CRY1-2, amongst others 6, 7 .
Analysis of intestinal ILC subsets and their bone marrow (BM) progenitors revealed that mature ILC3 express high levels of circadian clock genes (Fig.1a-c and Extended Data Fig.1a-d) . Importantly, ILC3 displayed a circadian pattern of Per1 Venus expression ( Fig.1b ) and transcriptional analysis of ILC3 revealed circadian expression of master clock regulators and ILC3-related transcription factors (Fig.1c ). To explore if ILC3 are regulated in a circadian manner, we investigated whether intestinal ILC3 require intrinsic clock signals. Thus, we interfered with the expression of the master circadian activator Arntl. Arntl fl mice were bred to Vav1 Cre mice, allowing for conditional deletion of Arntl in all hematopoietic cells (Arntl ΔVav1 mice). While Arntl ΔVav1 mice displayed normal numbers of intestinal NK cells and enteric groups 1 and 2 ILC, gut ILC3 were severely and selectively reduced when compared to their wild type littermate controls ( Fig.1d ,e and Extended Data Fig.2a,b ). To more precisely define ILC3-intrinsic effects, we performed mixed BM chimeras transferring Arntl competent (Arntl fl ) or deficient (Arntl ΔVav1 ) BM against a third-part wild type competitor into alymphoid hosts (Fig.1f ).
Analysis of such chimeras confirmed a cell-autonomous circadian regulation of ILC3, while their innate and adaptive counterparts were unperturbed ( Fig.1g and Extended Data Fig.2c ).
To explore the functional impact of ILC3-intrisic circadian signals, we deleted Arntl in RORγt expressing cells by breeding Rorgt Cre to Arntl fl mice (Arntl ΔRorgt mice). When compared to their wild type littermate controls, Arntl ΔRorgt mice revealed selective reduction of ILC3 subsets and IL-17-and IL-22-producing ILC3 (Fig.2a,b and Extended Data Fig.3a-j) . Noteworthy, independent deletion of Nr1d1 also perturbed enteric ILC3 subsets, further supporting a role of the clock machinery in ILC3 (Extended Data Fig.4a-e ). ILC3 were shown to regulate epithelial reactivity gene expression and microbial composition 1 . Analysis of Arntl fl and Arntl ΔRorgt mice revealed a profound reduction of reactivity genes in the Arntl ΔRorgt intestinal epithelium; notably, Reg3b, Reg3g, Muc3 and Muc13 were consistently reduced in Arntl deficient mice ( Fig.2c ).
Furthermore, Arntl ΔRorgt mice displayed altered diurnal patterns of Proteobacteria and Bacteroidetes ( Fig.2d and Extended Data Fig.3j ). To interrogate whether disruption of ILC3-intrinsic ARNTL impacted enteric defence, we tested how Arntl ΔRorgt mice responded to intestinal infection. To this end, Arntl ΔRorgt mice were bred to Rag1 -/mice to exclude putative T cell effects (Extended Data Fig.3g-i) . Rag1 -/-.Arntl ΔRorgt mice were infected with the attaching and effacing bacteria Citrobacter rodentium 2 . When compared to their wild type littermate controls, Rag1 -/-.Arntl ΔRorgt mice had marked gut inflammation, reduced IL-22 producing ILC3, increased C. rodentium infection and bacterial translocation, reduced epithelial reactivity genes, increased weight loss and reduced survival ( Fig.2e-j and Extended Data Fig.5a-j) . These results indicate that cellintrinsic circadian signals selectively control intestinal ILC3 and shape gut epithelial reactivity, microbial communities and enteric defence. Previous studies indicated that ILC3 regulate host lipid metabolism 8 . When compared to their wild type littermate controls, the Arntl ΔRorgt epithelium revealed a marked increase in mRNA coding for key lipid epithelial transporters, including Fabp1, Fabp2, Scd1, Cd36 and Apoe (Fig.2k ).
Accordingly, these changes associated with increased gonadal and subcutaneous fat accumulation in Arntl ΔRorgt mice when compared to their wild type littermate controls ( Fig.2l and Extended Data Fig.5k-n) . Thus, ILC3-intrinsic circadian signals shape epithelial lipid transport and body fat composition.
To further examine how cell-intrinsic Arntl controls intestinal ILC3 homeostasis, initially we interrogated the diurnal oscillations of the ILC3 clock machinery. When compared to their wild type littermate controls, Arntl ΔRorgt ILC3 displayed a disrupted diurnal pattern of activator and repressor circadian genes (Fig.3a) . Sequentially, we employed genome-wide transcriptional profiling of Arntl sufficient and deficient ILC3 to interrogate the impact of a deregulated circadian machinery. Diurnal analysis of the genetic signature associated with ILC3 identity 1 demonstrated that the vast majority of those genes were unperturbed in Arntl deficient ILC3, suggesting that ARNTL is dispensable to ILC3-lineage commitment ( Fig.3b and Extended Data Fig.6a-c) . To test this hypothesis, we first interrogated the impact of Arntl ablation in ILC3 progenitors.
Arntl ΔVav1 mice had unperturbed numbers of common lymphoid progenitors (CLP) and innate lymphoid cell progenitors (ILCP) ( Fig.3c and Extended Data Fig.6d ).
Sequentially, we analysed the impact of Arntl ablation in ILC3 residing in other organs.
Compared to their littermate controls, Arntl ΔRorgt mice revealed normal numbers of ILC3 in the spleen, lung and blood, which was in large contrast to their pronounced reduction in the intestine ( Fig.2a; Fig.3d ,e and Extended Data 6e). Noteworthy, enteric Arntl ΔRorgt ILC3 displayed unperturbed proliferation and apoptosis-related genetic signatures (Extended Data Fig.6b ,c), suggesting that Arntl ΔRorgt ILC3 may have altered intestinal traffic 9 . When compared to their wild type littermate controls, Arntl ΔRorgt ILC3 had a marked reduction of essential receptors for intestinal lamina propria homing and accumulated in mesenteric lymph-nodes (Extended Data Fig.6f ) 9 . Notably, the integrin and chemokine receptors CCR9, α4β7 and CXCR4 were selectively and hierarchically affected in Arntl ΔRorgt ILC3 ( Fig.3f -h and Extended Data Fig.6g -m). To examine whether ARNTL could directly regulate Ccr9 expression we performed chromatin immunoprecipitation. Binding of ARNTL to the Ccr9 locus of ILC3 followed a diurnal pattern, with increased binding at ZT5 (Fig.3i ). Thus, ARNTL can directly contribute to Ccr9 expression in ILC3, although additional factors may also regulate this gene. In conclusion, while a fully operational ILC3-intrinsic circadian machinery is dispensable to ILC3-lineage commitment and development, cell-intrinsic clock signals are required for a functional ILC3 gut receptor postcode.
Circadian rhythms allow organisms to adapt to extrinsic environmental changes.
Microbial cues were shown to impact the rhythms of intestinal cells 10, 11 , while feeding regimens are major circadian entraining cues of peripheral organs, such as the liver 12 .
In order to define the environmental cues that entrain circadian oscillations of ILC3, initially we investigated whether microbial cues impact the oscillations of ILC3.
Per1 Venus reporter mice treated with antibiotics displayed an unperturbed circadian oscillatory amplitude, while exhibiting a minute shift of their acrophase (Fig.4a ). Sequentially, we tested whether feeding regimens, known to be major entraining cues of liver, pancreas, kidney, and heart oscillations 12 , impact ILC3 rhythms. To this end, we restricted food access to a 12 hours interval and compared Per1 Venus oscillations to those observed in mice with inverted feeding regimens 12 . Inverted feeding had a small impact in the amplitude of ILC3 oscillations but did not invert the acrophase of ILC3 ( Fig.4b and Extended Data Fig.7a ), which was in large contrast with the full inversion of the acrophase of hepatocytes (Extended Data Fig.7b ) 12 . Since these local intestinal cues could not invert the acrophase of ILC3, we hypothesise that light-dark cycles are major regulators of enteric ILC3 oscillations 6 . To test this hypothesis, we placed Per1 Venus mice in light-tight cabinets on two opposing 12 hours light-dark cycles.
Strikingly, inversion of light-dark cycles had a profound impact in the circadian oscillations of ILC3 ( Fig.4c ). Notably, and in contrast to microbiota and feeding regimens, light cycles fully inverted the acrophase of Per1 Venus oscillations in ILC3 ( Fig.4c and Extended Data Fig.7c ). Furthermore, light-dark cycles entrained ILC3 oscillations as revealed by their maintenance upon removal of light (constant darkness) ( Fig.4d and Extended Data Fig.7d ), formally supporting that light is a major environmental entraining signal of ILC3 intrinsic oscillations. Together, these data indicate that ILC3 integrate systemic and local cues hierarchically; while microbiota and feeding regimens locally adjust the ILC3 clock, light-dark cycles are major entraining cues of ILC3, fully setting and entraining their intrinsic oscillatory clock.
The suprachiasmatic nuclei (SCN) in the hypothalamus are main integrators of light signals 6 , suggesting that brain cues may regulate ILC3. To assess the impact of the master circadian pacemaker in ILC3, while excluding confounding light-induced, SCNindependent effects 13, 14 , we performed SCN ablation by electrolytic lesion in Per1 Venus mice using stereotaxic brain surgery 15 . Strikingly, while sham operated mice displayed circadian Per1 Venus oscillation in ILC3, their counterparts from SCN ablated mice fully lost the circadian rhythmicity of Per1 Venus and other circadian genes (Fig.4e ,f and Extended Data Fig.8a-d ). Since electrolytic lesions of the SCN may cause scission of afferent and efferent fibres in the SCN, we further confirmed that brain SCN-derived cues control ILC3 by the genetic ablation of Arntl in the SCN 14 . Arntl fl mice were bred to Camk2a Cre mice allowing for a forebrain/SCN-specific deletion of Arntl (Arntl ΔCamk2a ) 14 .
When compared to their control counterparts, ILC3 from Arntl ΔCamk2a mice revealed severe arrhythmicity of circadian regulatory genes and of the enteric postcode Deciphering the mechanisms by which neuroimmune circuits operate to integrate extrinsic and systemic signals is critical to understand tissue and organ homeostasis.
We found that light cues are major extrinsic entraining cues of ILC3 circadian rhythms and surgical-and genetically-induced deregulation of brain rhythmicity resulted in altered ILC3 regulation. In turn, the ILC3-intrinsic circadian machinery controlled the gut receptor postcode of ILC3, shaping enteric ILC3 and host homeostasis.
Our data reveal that ILC3 display diurnal oscillations that are genetically encoded, cellautonomous and entrained by light cues. While microbiota and feeding regimens could locally induce small adjustments to ILC3 oscillations, light-dark cycles were major entraining cues of the ILC3 circadian clock. Whether the effects of photonic signals on ILC3 are immediate or rely on other peripheral clocks remains to be elucidated 16, 17 .
Nevertheless, cell-intrinsic ablation of important endocrine and peripheral neural signals in ILC3 did not affect gut ILC3 numbers (Extended Data Fig.10a -i). Our work indicates that ILC3 integrate local and systemic entraining cues in a distinct hierarchical manner, establishing an organismal circuitry that is an essential link between the extrinsic environment, enteric ILC3, gut defence, lipid metabolism and host homeostasis (Extended Data Fig.10j ).
Previous studies demonstrated that ILC integrate tissue microenvironmental signals, including cytokines, micronutrients and neuroregulators 3, 4, 18, 19 . Here we show that ILC3 have a cell-intrinsic circadian clock that integrates extrinsic light-entrained and braintuned signals. Coupling light cues to ILC3 circadian regulation may have ensured efficient and integrated multi-system anticipatory responses to environmental changes.
Notably, the regulation of ILC3 activity by systemic circadian circuits may have been selected to maximize metabolic homeostasis, gut defence and efficient symbiosis with commensals that have been evolution partners of mammals. Finally, our current data may also contribute to a better understanding of how circadian disruptions in humans associate with metabolic diseases, bowel inflammatory conditions and cancer 20 . Expression Omnibus repository with the accession number GSE135235.
Methods
Mice: Nod/Scid/Gamma (NSG) were purchased from the Jackson Laboratories.
C57BL/6J Ly5.1 were purchased from the Jackson Laboratories and bred with C57BL/6J in order to obtain C57BL/6 Ly5.1/Ly5. were not added to the lineage cocktail. 
TaqMan Gene Expression Assays: TaqMan Gene Expression Assays (Applied
Biosystems) were the following: Hprt Mm00446968_m1; Gapdh Mm99999915_g1;
Mm00495397_m1; S100a8 Mm01276696_m1; S100a9 Mm00656925_m1; Epcam
Mm00444340_m1; Fabp2 Mm00433188_m1; and Scd1 Mm00772290_m1. 
Citrobacter rodentium infection: Infection with Citrobacter rodentium ICC180
(derived from DBS100 strain) 36 was performed at ZT6 by gavage inoculation of 10 9 colony forming units 36, 37 . Acquisition and quantification of luciferase signal was performed in an IVIS Lumina III System (Perkin Elmer). Throughout infection, weight loss, diarrhoea and bloody stools were monitored daily. into drinking water with 3% sucrose. Control mice were given 3% sucrose in drinking water as previously described 38 AGCTTTAGGACCACAATGGGCA.
Colony forming unit measurement:

Food restriction (inverted feeding):
Per1 Venus mice fed during the night received food from 9pm to 9am (control group), whereas mice fed during the day had access to food from 9am to 9pm (inverted group). Food restriction was performed during 9 consecutive days as previously described 12 . For food restriction in constant darkness, Per1 Venus mice were housed in constant darkness with ad libitum access to food and water for 2 weeks. Then, access to food was restricted to the subjective day or night, for 12 days, in constant darkness.
Inverted light-dark cycles:
To induce changes in light regime, Per1 Venus mice were placed in ventilated, light-tight cabinets on a 12h light-dark cycle (Ternox). After acclimation, light cycles were changed for mice in the inverted group for 3 weeks to completely establish an inverse light cycle, while they remained the same for mice in the control group, as previously described 39 . For inverted light dark cycle experiments followed by constant darkness, after establishing an inverse light dark cycle, mice were transferred into constant darkness for 3 weeks.
SCN lesions:
Bilateral ablation of the SCN was performed in 9 to 12 week-old Per1 Venus males by electrolytic lesion using stereotaxic brain surgery, as described previously 15 . Mice were kept in deep anaesthesia using a mixture of isoflurane and oxygen (1-3% isoflurane at 1L/min). Surgeries were performed using a stereotaxic device (Kopf). After identification of bregma, a hole was drilled through which the lesion electrode was inserted into the brain. Electrodes were made by isolating a 0. Videos and scoring were visually validated. Circadian rhythmicity was evaluated by cosinor regression model 40, 41 .
Histopathology analysis: Mice infected with Citrobacter rodentium were sacrificed by CO 2 narcosis, the gastrointestinal tract was isolated, and the full length of cecum and colon was collected and fixed in 10% neutral buffered formalin. Colon was trimmed in multiple transverse and cross-sections and cecum in one cross-section 42 , and all were processed for paraffin embedding. 3-4μm sections were stained with haematoxylin and eosin and lesions were scored by a pathologist blinded to experimental groups, according previously published criteria [43] [44] [45] . Briefly, lesions were individually scored (0-4 increasing severity) for: 1-mucosal loss; 2-mucosal epithelial hyperplasia, 3-degree of inflammation, 4-extent of the section affected in any manner and 5-extent of the section affected in the most severe manner, as previously described 45 
